elicitor ͉ host-pathogen interaction ͉ N-acetylchitooligosaccharides ͉ pathogen-associated molecular patterns H igher plants have the ability to initiate various defense reactions such as hypersensitive responses, production of phytoalexins and antimicrobial proteins, and reinforcement of cell walls when they are infected by various pathogens (1, 2). They can distinguish self and non-self, or detect specific pathogens, through the perception of signal molecules (elicitors) mostly generated͞secreted from pathogens. Fragments of cell surface macromolecules typical of microorganisms such as cell wall polysaccharides, secreted proteins, as well as a flagella protein, often serve as a potent elicitor to induce defense reactions. They are classified as ''general elicitors'' that are commonly found in various microorganisms and induce defense responses in a wide range of plant species. Perception of general elicitors has been thought to play an important role in the basic resistance, or nonhost resistance, of plants to most potential pathogens. It has also been emerged in recent years that the defense systems mediated by the perception of these ''general elicitors'' have a considerable similarity with mammalian innate immunity, in the recognition of pathogen-associated molecular patterns as well as the molecules involved in the perception and transduction of these signal molecules (3).
H
igher plants have the ability to initiate various defense reactions such as hypersensitive responses, production of phytoalexins and antimicrobial proteins, and reinforcement of cell walls when they are infected by various pathogens (1, 2) . They can distinguish self and non-self, or detect specific pathogens, through the perception of signal molecules (elicitors) mostly generated͞secreted from pathogens. Fragments of cell surface macromolecules typical of microorganisms such as cell wall polysaccharides, secreted proteins, as well as a flagella protein, often serve as a potent elicitor to induce defense reactions. They are classified as ''general elicitors'' that are commonly found in various microorganisms and induce defense responses in a wide range of plant species. Perception of general elicitors has been thought to play an important role in the basic resistance, or nonhost resistance, of plants to most potential pathogens. It has also been emerged in recent years that the defense systems mediated by the perception of these ''general elicitors'' have a considerable similarity with mammalian innate immunity, in the recognition of pathogen-associated molecular patterns as well as the molecules involved in the perception and transduction of these signal molecules (3) .
Chitin oligosaccharides (N-acetylchitooligosaccharides) are a representative general elicitor inducing defense responses in a wide range of plant cells including both monocots and dicots (4) . Chitin oligosaccharides were reported to induce defense responses also in mammalian and insect cells (4, 5) . Interestingly, specific modifications of chitin oligosaccharides by fatty acids, sulfate, or some sugars, generate ''Nod factors'' that induce nodulation in legume roots in the symbiotic interaction with rhizobial bacteria (6) . Thus, the recognition of chitin oligosaccharides and related compounds seems to play a fundamental role in the establishment of basal resistance to potential pathogens in plants and in some cases the symbiotic relationships between leguminous plants and rhizobial bacteria.
Concerning to the receptor for chitin oligosaccharide elicitor, we previously identified a high-affinity binding protein for this elicitor in the plasma membrane of rice cells by affinity labeling (7) . Similar binding proteins were also detected in various plant cells that could respond to the elicitor (8, 9) . Correlation between the presence of the binding proteins and the elicitor responsiveness of these cells, correlation between the binding specificity and the preference of the structure of chitin oligosaccharides in defense responses, strongly indicated that the binding proteins function as a receptor, or a part of receptor complex, for chitin oligosaccharide elicitor. Here we report the purification of this chitin oligosaccharide elicitor-binding protein (hereafter designated as CEBiP), cloning of the corresponding cDNA and its functional characterization. These results indicate that CEBiP plays a key role in the chitin elicitor signaling. The results also showed that CEBiP shares some structural similarity with the receptor kinases involved in the perception of Nodfactors in legume roots.
Results
Purification of CEBiP. CEBiP, a chitin oligosaccharide elicitorbinding protein, was first identified as a 75-kDa plasma membrane (PM) protein from suspension-cultured rice cells by affinity labeling (7) . We found that CEBiP, while retaining the elicitor binding activity, was effectively solubilized with Triton X-100 from the rice PM preparation. Thirty percent of the binding activity in the original PM preparation was solubilized and recovered by the treatment with 0.5% Triton X-100. To isolate the CEBiP from the solubilized fraction, an affinity matrix immobilized with a 2-(4-aminophenyl)ethylamine (APEA) derivative of N-acetylchitooctaose, (GlcNAc) 8 -APEA, was prepared. Two types of precolumns were also used to remove nonspecifically bound materials (Fig. 1A) . After the application of the detergent solubilized PM protein and the removal of f low-through fractions, the bound proteins were recovered by the elution with an acidic buffer solution. SDS͞ PAGE followed by silver staining showed the presence of two protein bands, corresponding to 75 and 55 kDa (Fig. 1B) . Affinity labeling with [ 125 I]APEA-(GlcNAc) 8 derivative showed that both of them carried the elicitor binding activity (Fig. 1C ). These two proteins had identical N-terminal amino acid sequences, suggesting that the smaller-sized band might be generated from the 75-kDa protein by limited proteolysis during the purification. Indeed, when the molecular size of CEBiP was monitored by affinity labeling, the band of the [ 125 I](GlcNAc) 8 -CEBiP was shifted gradually from 75 to 55 kDa by standing the solubilized PM protein at 4°C for 3 days, supporting this assumption. Purification yield was estimated to be 1.6% of the CEBiP originally present in the PM preparation based on the Scatchard analysis of the binding experiment and the molecular mass, 75 kDa, obtained from the affinity labeling. It was possible to obtain the sequence of N-terminal 32 amino acid residues as well as those of three peptide fragments obtained by lysyl-endopeptidase digestion.
Cloning of CEBiP cDNA. For the cloning of CEBiP cDNA, we designed 72 different kinds of primers corresponding to the N-terminal seven amino acid residues (K 14 to T 20 ) according to the information on the codon usage obtained from the rice EST database. These primers and a reverse primer for pBluescript SK Ϫ vector were used for the amplification of CEBiP-specific fragments by PCR using a rice cDNA library as a template. A PCR fragment (147 bp) was found to encode the N-terminal peptide sequence of CEBiP and further used to screen the full-length clone from the cDNA library. Three positive clones were finally obtained and all of them showed the identical nucleotide sequence for the ORFs. Analysis of the clone with the longest insertion showed a sequence of 1,436 nucleotide base pairs with an ORF encoding a polypeptide with 356 amino acid residues. Presence of a 28-aa signal peptide sequence as well as a 22-aa transmembrane domain at the C terminus was predicted for the polypeptide (Fig. 2B) . Alignment of the N-terminal as well as the three internal peptide sequences of CEBiP showed a complete match with the deduced amino acid sequence, A 1 2B ). CEBiP has abundant serine, threonine, cysteine residues (34, 33, and 17 residues, respectively) and 11 possible glycosylation sites (S͞T-X-N motif) in the molecule.
The molecular weight calculated from the deduced peptide sequence of mature CEBiP was 34,640 for 328 aa residues, which is very different from the molecular weight, 75 k, expected from SDS͞PAGE. However, MALDI TOF-MS analysis of the CEBiP preparation obtained by the affinity chromatography showed the presence of a broad peak approximately corresponding to 40 kDa, which corresponded well to the size of CEBiP obtained from the cDNA sequence, considering the presence of sugar chains in CEBiP. We already noticed the presence of sugar chains in CEBiP from the observation that CEBiP was adsorbed on Con A-agarose gel and eluted with methyl-␣-mannoside. Glycoprotein nature of CEBiP was further confirmed by the treatment of the PM fraction by trifluoromethanesulfonic acid (TMSF), which chemically removes all sugar chains from glycoproteins. Western blotting analysis of the TMSF-treated PM proteins with an antibody against CEBiP detected a single band of 34-kDa polypeptide, which corresponded well to the size calculated from the deduced sequence of CEBiP. These observations clearly showed that the cloned cDNA encodes CEBiP and also this glycoprotein behaves very abnormally on SDS͞ PAGE because of the presence of sugar chains.
The sequence of CEBiP showed the highest homology with a rice cDNA clone (GenBank accession no. AK060664, 41% identical amino acid residues) that encodes a protein with unknown function and also Erwinia-induced protein 1 of Solanum tuberosum (GenBank accession no. AY187625, 38% identical amino acid residues). All of the cysteine residues in the Erwinia induced protein were conserved in CEBiP but not completely conserved in the homologous rice protein. On the other hand, CEBiP showed little homology with chitin-binding lectins, which have hevein motifs, such as rice agglutinin, wheat germ agglutinin, and chitinases from rice and other plants. Very interestingly, CEBiP had two extracellular LysM motifs in the region of Y 85 -P 131 and Y 149 -P 192 (Fig. 2B ), which were also found in Nod-factor receptor kinases from Lotus japonicus, NFR1 (10), and NFR5 (11) (Fig. 2C) . The LysM motif was first identified in bacterial lysins and muramidases, enzymes that degrade cell wall peptidoglycans (12) , and also found in the chitinases from various origins, including Caenorhabditis elegans (13) , Volvox carteri (14) , and Kluyveromyces lactis (15), but not from higher plants. A BAC clone in the rice genome database (GenBank accession no. AC099399) was found to encode the CEBiP gene, which was consisted of three introns and four exons (Fig. 2 A) , located on chromosome 3. plasmid for the gene-specific knockdown by RNA interference (RNAi) was constructed by using a sequence for the 3Ј-terminal region of CEBiP and transformed into the rice cells by using Rhizobium radiobacter (Agrobacterium tumefaciens). Four cell lines were selected as successful knockdown cell lines. RT-PCR and Western blotting analyses showed that the expression of CEBiP as well as the CEBiP protein were largely suppressed in these cell lines (Fig. 3A) . Quantitative real-time PCR analysis indicated that the quantities of CEBiP mRNA of two CEBiPRNAi cell lines were 2.9% and 6.7% of the amount found in the nontransformed cells.
Chitin oligosaccharide elicitor induces a biphasic generation of reactive oxygen species (ROS) in suspension cultured rice The amino acid residues conserved in two or more sequences were underlined. Asterisks indicate the conserved residues in all four sequences. cells, which shows maximum peaks at 30 min and 2 h (16, 17) . When the CEBiP-RNAi cell lines 3 and 6 were treated with (GlcNAc) 8 elicitor for 30 min, the amount of H 2 O 2 induced in both cell lines decreased to 1͞4 to 1͞7 of the amount induced in the nontransformed cells (Fig. 3B) . On the other hand, the H 2 O 2 generation induced by a bacterial LPS, which also induces defense responses in rice cells (Y. Dasaki, V. Balakrishnan, S. Tsuyumu, H. Yamane, H.K., et al., unpublished data), was not affected in the CEBiP-RNAi cell lines (Fig. 3C) . The results clearly showed that the knock down of the CEBiP gene resulted in the specific suppression of the reactive oxygen generation induced by the chitin oligosaccharide elicitor.
To see the effect of knockdown of CEBiP gene on elicitorinduced gene response, expression pattern of rice genes treated with (GlcNAc) 8 elicitor was analyzed by using a microarray carrying 22 k rice genes (Fig. 4 and Table 1 ). The basal gene expression of the CEBiP-RNAi cell lines was very similar to that of nontransformed rice cells as evidenced by microarray analysis (data not shown). In the nontransformed rice cells, 746 genes were up-regulated and 220 genes were down-regulated by the elicitor treatment (Fig. 4) . In the CEBiP-RNAi cell lines, 71% of the up-regulated genes and 80% of the down-regulated genes in the nontransformed cells became not responsive to the (GlcNAc) 8 elicitor, or significantly decreased the degree of up͞down-regulation, indicating a fundamental importance of CEBiP for the regulation of these chitin elicitor-responsive genes. The genes whose up-regulation was cancelled in CEBiP-knockdown cells included the genes encoding the enzymes for the biosynthesis of phytoalexins, lignin and ethylene, typical defense genes such as chitinase and thaumatin (Table 1) . On the other hand, relatively small part of the up͞down-regulated genes in the original nontransformed cells still responded to the elicitor similarly in the CEBiP-RNAi cell lines. A group of genes seem to be up͞down-regulated by the elicitor only in the CEBiP-RNAi cell lines.
Binding assay as well as affinity labeling with [ 125 I]APEA-(GlcNAc) 8 derivative showed that the PM preparation from CEBiP-RNAi rice cells carried clearly reduced elicitor binding sites͞protein (Fig. 5) .
Discussion
Here we showed that a chitin elicitor binding protein, CEBiP, from the plasma membrane of rice cells plays a key role for the perception and transduction of chitin elicitor signal for defense responses. CEBiP-specific knockdown by RNA interference (CEBiP-RNAi) resulted in the suppression of the chitin elicitorinduced ROS generation in these cell lines. However, the ROS generation induced by another potent elicitor, LPS, was not affected, indicating a specific disruption of the chitin elicitor signaling in these cell lines. Microarray analysis of the expression pattern of rice genes in the CEBiP-RNAi cell lines also demonstrated that the knockdown of CEBiP greatly affected the gene responses induced by the chitin oligosaccharide elicitor. A large number of genes, which are normally induced͞suppressed by the elicitor treatment, did not respond to the elicitor in the CEBiPRNAi cell lines, or the responses were much weaker compared to the nontransformed cell lines. Elicitor binding activity of the PM preparation from the CEBiP-RNAi rice cells was drastically reduced compared to that of control cells, as shown by both binding assay as well as affinity labeling, further supporting that CEBiP is a molecule responsible for the elicitor binding. These results clearly indicate that CEBiP plays a critical role in the perception and transduction of chitin oligosaccharide elicitor in rice cells.
However, the expression pattern of some elicitor-responsive genes was not affected in the CEBiP-RNAi cell lines. This seems to indicate the presence of additional machinery for chitin perception, other than CEBiP, although the presence of such additional receptor(s) has not been detected by affinity labeling used in this work. It might be also possible that the effectiveness of the suppression of CEBiP gene expression somehow affected the gene responses induced by chitin oligosaccharide elicitor. The answer to this question remains to be solved in future studies involving the experiments with a mutant lacking a functional CEBiP gene as well as the survey of additional system(s) for the perception of chitin oligosaccharide elicitor. Some group of genes seems to become responsive to chitin oligosaccharide elicitor only in the transformant, although a rational explanation is difficult at present.
CEBiP is predicted to have a transmembrane domain at the C terminus but seems not to have any intracellular domains that are normally present in various membrane receptors. This observation strongly suggests that CEBiP requires ''partner protein(s)'' to form a functional receptor complex for successful signal transduction. Presence of such a receptor complex has Typical genes affected for the elicitor responsiveness by the knockdown of CEBiP. ND, not detectable; NT, nontransformed. been documented in the CLAVATA system involved in the regulation of meristem development in plants. In this case, a serine͞threonine receptor kinase, CLAVATA1, is thought to form a heterodimeric receptor complex with another membrane protein, CLAVATA2, which has the similar extracellular domain but lacks the intracellular kinase domain. The CLAVATA1͞CLAVATA2 heterodimer is thought to bind the ligand, CLAVATA3, and activate downstream responses (18) . Presence of a complicated receptor system has also been documented in pathogen-associated molecular pattern recognition in vertebrates. In the case of LPS recognition in vertebrates, for example, LPS is initially bound by LPS-binding protein in serum and then transferred to a GPI-anchored membrane protein, CD14. The CD14-bound LPS seems to be further transferred to a complicated receptor complex including TLR4 and MD-2 on the plasma membrane to activate downstream defense responses (19) . CEBiP might be a component of such a receptor complex for the perception of chitin oligosaccharide elicitor, possibly as a binding polypeptide.
Finding of two LysM motifs in the CEBiP sequence is very interesting. Originally, LysM motif was identified as a characteristic structural feature in the enzymes for bacterial cell wall degradation and also in the chitinases from yeast (K. lactis) (15) and alga (V. carteri) (14) . Presence of LysM motif in CEBiP indicates the involvement of this motif in the perception of chitin oligosaccharide elicitor as similar to the substrate recognition in these enzymes. Interestingly, LysM motif was also found in the extracellular domain of putative Nod factor receptor kinases, NFR1 and NFR5, suggesting that the motif is also involved in the perception of the lipochitin-oligosaccharides, nodulation signals in the symbiosis between specific leguminous plants and corresponding rhizobial bacteria (10, 11) . Thus, these LysM motifcontaining membrane proteins seem to function for the perception of chitin-related signal molecules derived from fungi or bacteria on plant cell surface, although the downstream responses are different in the case of defense reactions and symbiotic responses.
Interestingly, the expression of CEBiP gene itself was induced by the elicitor treatment (Fig. 6) . Together with the observation that the expression of a number of genes seemingly involved in defense signaling were also induced by the elicitor treatment (20, 21) , it seems to be a part of ''sensitization'' of defense machinery for further pathogen invasion.
Chitin elicitor-binding proteins similar to CEBiP are not only found in suspension-cultured rice cells but also found in the plasma membranes from various plant cells responsive to chitin oligosaccharide elicitor, such as barley, carrot, soybean, and wheat cells (8, 9) , although the molecular sizes were slightly different depending on the origin. These results indicate that the defense systems based on chitin recognition is widely conserved among plant species. CEBiP is the first component identified for the perception of chitin oligosaccharide elicitor and should contribute for the understanding of the molecular machinery involved in the recognition of this molecular pattern for potential pathogens.
Materials and Methods
General Method. PM was prepared by aqueous two-phase partitioning with the use of dextran T-500 and polyethyleneglycol 3350 from the suspension-cultured rice cells (22) . The conjugate of (GlcNAc) 8 with APEA derivative was synthesized as reported (7) . The binding experiments and affinity labeling with the [ 125 I]labeled ligand were conducted as described (7) . The affinity matrix, (GlcNAc) 8 -APEA-CH-Sepharose, was prepared by immobilizing the (GlcNAc) 8 -APEA derivative on activated CHSepharose 4B (Amersham Pharmacia) according to the manufacturer's protocol.
Elicitors and Plant Material. Chitoheptaose and octaose were kindly supplied by Yaizu Suisankagaku Industrial (Shizuoka, Japan) and reacetylated before use. LPS from Pseudomonas aeruginosa was purchased from Sigma. Suspension culture of Oryza sativa L. cv. nipponbare was maintained by using modified N6 medium and subcultured as reported (23) . 
